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PREFACE

Previous work on Metal-Polymer-Silicon thin film structures
by Wilmsen, Fitzgibbons, Wang, Chuang and Hartwig has been reported as
part of the research on digital transducer concepts. The charge trans-
port mechanisms of the polymer and behavior of the silicon surface and bulk
were shown to be rather complex. The separate effort on polymer film
properties, as reported in Volume VIII, shows behaviors which can be
attributed to the dielectric alone. It is necessary to form the entire
MPS structure to observe characteristics of the silicon surface. As a
result, a separate project was undertaken to measure more carefully the
combined behavior and then resolve the silicon surface (and bulk) effects.

Parallel work from the literature on MOS Field Effect Transistors
was found to provide some clues as to the expected behgvior, but it must be
realized these devices have very thick insulating layers compared to
those under study here. Since the charge transport is an exponential func-
tion of thickness {(whatever the mechanisms), dielectrics which are only
100 Z thick would be expected to have a more critical role. This is
deliberate, since eventual transducer behavior would draw, in some ways,
upon the properties of the dielectric films. By making familiar capacitance
vs voltage plots in addition to log current density vs square root of
voltage plots, the effects of silicon surface states were to be resolved.
From a knowledge of the voltage-current density behavior of the polymer
alone, the field penetration into the silicon could be measured from
reverse-biased data. From the differences, suitably corrected for work-
function effects, would come the separate voltage drops across the polymer
and silicon depletion layer. If successful, the increased knowledge would
be userful in control of the break characteristics of the reverse-biased MPS

structure.







ABSTRACT

Electron conduction mechanisms of metal-polymer-semiconductor
systems were investigated in this project. Samples were made on N-type
silicon of resistivity range 10Q-cm to 150Q-cm. A low energy electron
(=350 ev) gun was employed to polymerize the D,C. 704 pump oil used in
the vacuum system. Metals of Al and Ag were evaporated on the polymer
as top electrode.

Poole-Frenkel effects have been observed as the dominating
conduction mechanism of the polymér. However, the I-V characteristics
of MPS devices are different in the forward and reverse bias conditions.
in forward direction, the current is dominated by the field within the
polymer and increases exponentially with bias voltage in the fashion
of Poole~Frenkel effect. In the reverse direction, three distinguish-
able regions may be obtained for the I-V characteristics on a 1In J vs
V plot. These were interpreted in terms of the proportion of voltage
drops across the polymer and semiconductor to the total bias voltages.
The generation of electron-hole pairs in the depletion layer of the
semiconductor limits the current flow in the reverse bias condition
and current saturation may be observed.

The I-V characteristics of MPS devices were found extremely
sensitive to silicon surface preparation. Strong chemical etching was
preferred for observing current saturations.

The experimental values of the slope of 1lno vs. El/z/kT fell

23 23

in the range of 6.55 x 10~ to 8.7 x 10~ and the zero field conductiv-

17

ity was 10“16 and 10~ ' mhos/cm.
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CHAPTER I

INTRODUCTION

This research project consists of two parts: the investigation
of electrical conductivity of thin polymer films produced by electron
bombardment of diffusion pump fluid silicone Dow Corning TOL4 and the sur-
face state effect on D-C conduction mechanism of the Metal-polymer-semi-
conductor devices. The project serves as the first phase in developing
a voltage/current digital transducer in thin film integrated circuit form
by using the MPS devices as a basic transition element.

Before considering the theoretical and experimental work, the
structure and likely polymerization products of the parent fluid (D.C. TOk)

must be considered.

A, Chemical Structure

The residual atmosphere in a kinetic vacuum system usually
contains a mixture cf gaseous compounds based on the elements carbon,
hydrogen and oxygen. Thus typical gases and vapors present are water and
oxides. Certain organic compounds such as methane are also present. They
are emitted from vacuum pumps particularily those using organic fluids. It
had been foundl when mixtures of these gases were exposed to electrical
discharges at low pressures a series of complex reactions involving decom-
position, systhesis, oxidation and reduction could take place, and organic
vapdrs were usually forming polymer condgnsation products. Thus, the

breaking of chemical bonds, such as —C — H, ~—C e C*and = (C =0,




produces highly reactive groups which combine to form longer molecules,

Hillier2 and Watson3 observed that the interaction of hydrocarbon vapor

and electrons promoted polymerization and showed that the interaction

occurred at the surface of the bombarded specimen in an electron microscope.
Holland and Laurensonh found that the chemical formula of silicone

TOM with a uniform molecular weight of 485 must be of the following form,

although the specific arrangement of methyl and phenyl groups are not known.

3 /C6H5 C]H3
Cglls—— S‘i e 0 —— S‘i e O e S}i e CgH,
CH3 C6H5 CH3

Exposure of silicone D.C. 704 to arc discharges and gamma radiation releases
mainly hydrogen and methane with much smaller guantities of benzene. The
resin remaining will therefore contain methylene and ethylene linkages bet-
ween silicone atoms along with many of the original linkages. The methylene
and ethylene bonds might be as follows:
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These linkages and cross links form a solid film with properties resembling

those of silica.

B. Possible Condugtion Mechanisms

At the outset, 1t has been assumed that the normal energy band
concept can be applied directly to thin films of insulating materials. But
thin films are frequently awmorphous or polycrystalline and the band theory,

applied to metals and semiconductors, is usually associated with the periodic




structure of the lattice. However, the energy spectrum of electrons in
amorphous substances or liquids can be Jjustified to have a band structure

in "exactly" the same manner as a crystal so long as the short range order
remains unchangedse Thus the energy spectrum of an amorphous or even liquid
semiconductor can be calculated just as in a crystal if the short range
order is known.

By assuming that the normal energy band structure can be applied
to an amorphous or polycrystalline material five possible conduction mechanisms
through thin insulating films would appear.

The names and general characteristics of these five mechanisms
are briefly described below and a more detailed analysis of some mechanisms
is given in Chapter II.

1. Ionic conduction: It associates with the drift of defects in
the bulk of insulators under the influence of an applied electric field.

In amorphous films thig mechanism may be important because a large number
of defects exist. For films which absorb moisture from the atmosphere the
bulk ionic conduction will also be enhanced.

2. PSpace-charge-limited flow: Carriers injected into the con-
duction band of the insulator continue to flow toward the anode due to the
applied field. If no compensating charges are present, the carriers con-
stitute a space charge, which in turn changes the field distribution in
the insulator. There are several possible variants of space-charge limited
flow depending on whether the current is due to electrons, electrons and holes,
or whether traps or recombination centers are present. For an unlimited

. . , ; -2
reservior of carriers in a trap-free insulator, currents up to 20 amps/cm




through the insulating (CdS) crystals had been observed. However, the pre-
sence of traps will reduce the current since any empty traps will remove
most of injected carriers.

3. Tunneling or field emission: When the energy of an electron
is less than the barrier height there is still a finite probability that the
electron will "penetrate'" or tunnel through the barrier. The current due
to such an electron transition as tunneling is field emission from a
thermionic ca£hoden The main problem in this mechanism is to calculate
the transmission probability of an electron through a potential barrier
by wave mechanics.

b, Schottky‘emission: This mechanism of current transfer is
a high-field emission of hot electrons from a metal into the conduction band
of an insulator in contact with it. It is a process identical with Schottky
emission into the vacuum. The characteristics of Schottky emmision are
its high temperature dependence and a plot of the logarithm of current versus
the square root of bias voltage is a very good straight line.

5. The Poole-Frenkel effect: The Poole-Frenkel effect is the
lowering of a Coulombic potential barrier when it interacts with an
electric field, and is usually associated with the lowering of a trap
barrier in the bulk of an insulator. An electron will be thermally ex~
cited into the conduction band by the amount the applied field energy
lowers the potential barrier around a trap site. Frenkel had calculated

the amount of lowering as twice the lowering of Schottky emission

C. Limitations of The Theoretical Approach

The first iimitation comes from the assumption that the thin




film insulators have a reasonably simple band structure as a crystalline
materiagl. This is not always true. Therefore, when applying the theories
to amorphous and polycrystalline films, especially to the polymer, the
exact chemical structure of which 1s not known, one can not expect a rigorous
agreement between the experimental and theoretical results.

The second limitation is due to the presence of surface states
at any metal-insulator or semiconductor-insulator interface. The unsat-
urated bonds and impurities at an interface will appear as localized energy
levels in the forbidden band. These allowed energy levels are possible
sources of charge and can thus have a strong influence on any conduction
mechanism. Considerable experimental work has been carried out to study
this problem in metal—SiOz—Si films, but the results vary considerably.
- This is due to the pronounced sensitivity of surface states to the surface
preparation, oxidation processes, and past history of the surface.. Results
are not necessarily characteristic of oxidize surfaces in general but only
of the specific treatments utilized.

T

Chang, Stiles, and Esaki ' have studied the tunneling process

between Al—A1203—SnTe and -GeTe junctions, where the semiconductor is
degenerate P type. Their derived theory predicted a negative~resistance

region in "forward"* direction. The negative resistance region happens

¥ The forward bias direction in this project refers to the condition

where an accummlation layer forms at the semiconductor and insulator
interface. That is, the condition when positive bilas voltage is applied
to the metal when the semiconductor is N-type or negative blas voltage

is gpplied to the metal when the semiconductor is P-type. On the other
hand, the reverse bias direction refers to the condition when a depletion
layer forms in the interface, that is, positive bias is applied fto metal
P-type semiconductor or negative bias to metal for N-type semiconductor.




when bias voltage, V,is Fp < gV < Fp + Eg’ where FP is the Fermi level

or degenerate P-type semiconductor and Eg is the band gap. At this
condition the electrons in the metal in the energy range qV - Fp cannot
tunnel, since they are opposite the energy gap on the semiconductor side.
Although the electrons within Fp are able to tunnel, the tunneling barrier
is increased and as a result, the current should decrease with increasing
voltage giving rise to a negative resistance. However, according to Chang,et.gl
the actual decrease of current in the negative-resistance region is always
smaller than that predicted theoretically. In fact, in some samples, the
current never decreases but merely shows a change of curvature. They
believe that tunneling associated with gap states in the semiconductor is
mainly responsible for the excess current as in a tunnel diode. Beside,
the experimental excess current can not be correlated in any systematic
manney with other known parameters of junction. The random nature also
indicates the participation of interface states, since such states can
hardly be controlled during fabrication.

Dahlke8 found that the dc conductance of Si—SiOE—(Cr + Au)
devices using Pt type Si and thin oxide layer ( < 50°A) showed one to two
orders of magnitude increase by changing from annesled-steam grown, to
steam grown and to dry-oxygen~grown oxide layers. This observation is
explained by Dahlke as a corresponding increase of interface state density
of oxide layers from annealed-steam grown to steam-grown and to dry-oxygen
grown.

Wilmsen9 investigated the "tunneling'" between a metal and silicon




separated by a polymerized silicones film. His experimental MIS curves on
both N and P type silicon show the exponential dependence of current on
voltage and that the mechanisms for MIM and MIS tunneling are guite similar.
An assymetric saturétion of the MIS tunneling occurs when the device is
reverse bilased after certain voltage. This is caused by the formation of
a depletion layer on the semiconductor which forms after completely charging
the surface states. Based upon Wilmsen's model, the voltage/current
transducer concept originates. This model will be further discussed in
Chapter II.

Although the experimental results observed by some groups of
experimenters did not agree completely with other group's experiments
there was enough consistency to suggest three things:

1. The interface states definitely affect the electron trans-
port mechanism in MIS systems.

2. The interface states must be controlled during the fabrication
processes as well as possible.

3. The effects are random in nature, which may mske the per-
formances and‘parameters of these devices nonreproducible and unstable.
They also indicate the development of methods of surface treatment for

semiconductor devices are necessary.




CHAPTER 1T

THEORY

Theory of Metal-insulator-Semiconductor current mechanisms will
be first discussed in this chgpter, then the surface states effects and

Wilmsen's model of current saturation will be described in detail.

A. Conduction Processes through Thin Insulating Films

As stated in Chapter I, conduction through insulating layers
can take place by various mechanisms. However, tunneling, Schottky
emission, and Poole-Frenkel effect have been observed in many thin polymer
films9’lo’ll’12’ emphasis is given to these three mechanisms.
1. Schottky Emission
Consider the energy-band diagram of a Metal-Insulator-
Semiconductor interface in Figure 1.

S
",

~._ Conduction Band

B
A¢l Afg , c
Fermi level l ;

Ep

D

// ”7 / » |

I//// P _’Semiqoidubtor
stldtof /§ S0

Fig. 1 Energy-band Disgram of a MIS Interface

in Equilibrium
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At high temperature, or when the energy barrier, A¢, is small, there
will be electrons in the metal or semiconductor with sufficient energy
to pass over the barrier and flow into the conduction band of the insul-~
ator. In equilibrium, an equal number of electrons flow in the opposite
direction. By applying an electric field, the contribution of one group
diminishes.

The current density can be calculated by integrating over
all electrons in the metal or semiconductor with sufficient momentum
to overcome the barrier. This closely resembles the Richardson equation

R .. . . 13
in the case of thermionic emission into vacuum

2
A T S

where m¥ is the electron effective mass in the insulator, T is temp-
erature in OK, A¢in ev, and h and k are Planck's and Boltzmann's
constant respectively.

At normal temperatures, the thermionic current is negligible.
However, the current will increase appreciably as high fields lower the
barrier. This is analogous to the Schottky effect in thermionic emission
from metal into a vacuum. The maximum barrier lowering can be calculated

by the image force method as
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where E is the electric field in volts/cm, and EOK is the permittivity of
the insulator.
The effective barrier is then
ho™ = 4o - A¢max
Inserting the effective barrier expression into the thermionic emission

gives the Schottky equation

2 2 1/2
R m:k — " e [ KT eXP[ QE)l/e ]
h 2(ﬂs K)~/TkT
b A Y.L |E /2
= 120 Ilnni @ 116 x 100 T T H (2)

where K is relative dielectric constant.

Equation (2) can be rewritten as

o
il

a exp(BEl/e) (3)

m¥ 2 -1.16 x th A¢
— e T

where o = 120 T

b L

B = ——

[xT

1/2

The plot of Log J vs E is a very good straight line, the intercept on
the axis of Log J giving the value of o. This provides a way of estimating

metal-insulator work functions, since by observing the value of o, the A¢

can be calculated directly.
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2. Tunneling
Tunneling is a quantum mechanical process, which says there
is a finite probability that a number of electrons without sufficient
energy can ''leak" through the potential barrier. Referring to the following
figure and applying a WKB a.pproximationlh the probability P(E), that an

electron incident on the barrier will pass through is

Z

v (2) |7 °

P(E) = ——0) = exp f len* [0'(2) - 8172 a2 L (w)
lv, (2) ] .
1

where U'(Z) is the real barrier and E is the energy of the electron

megsured from the bottom of the conduction band of the metal.

U(z) u'(z)
RN ¢
f/ N
N
s 3}
,/ AN
- S
\\\\\ — it SN e e e
l |
Z..Zl Z-Z2

Fig. 2 One-dimensional Tunneling
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From the above equation we know that the transmission probability 1is
exponentially dependent on the thickness of the barrier or insulator.

For a very thin insulating layer (less than 50 Z) electrons
may tunnel directly from a metal through the forbidden band into the
conduction band of the other metai. For thicker insulator the tunneling
probability is negligible, but an applied high electric field across the
insulator can narrow the barrier and permit electrons to tunnel into the
insulator conduction band. There are .also tunneling processes which trans-
port charge in and out of traps of the insulator.

The tunnel current passing through the insulator can be cal-~

culated by evaluating the integral

Z

J = quME)':NE)'Vi" P(E) - dKz (5)

where N(E) is the density of states function
f(E) is the Fermi function
Vz 1s the z component of velocity

Kz is the wave number of the electron and is expressed

in the terms of energy.

There have been many attempts to evaluate the above equation,
but the complete solution cannot be obtained in analytical form.
Approximate calculations have been made by most authors, yet it may
be valid only in certain limits. Two of the most recent and complete
calculations are by Stratton15 and Simmonsl6c For films of this study
(>50 Z), direct tunneling from the conduction band of one electrode into

another can be neglected. Tunneling from the conduction band of the




=
=

electrode into the conduction band of the insulator due to narrowing of

the barrier by the electric-~field, however, is possible. Simmons gives

the expression for this condition asl9
32 1/2, \3/2 |
g= B:207E ) 8m(2m)”" " ( ¢) ; (6)
8mh ¢ 2.96hqE J‘

Although there are some inconsistencies which indicates an inadequacy

of the idealized theoretical model (and the difficulities of the controlling
the junction fabrication techniques), the main features of the theoretical
snalyses have been corroborated7 .

Recently, tunneling studies have been extended to Metal-Insulator-
Semiconductor junctions7’17’18. Chang, Stiles, and Esaki have given
theoretical current-voltage expressions, in particular, for the case
when the semiconductor is a degenerate p type. Wilmsen investigated
tunneling between a metal and silicon separated by a thin insulating
polymer and developed a model describing the current-voltage characteristics.
The model shows that the electric field in the insulator controls the MIS
current while the charge distribution in the silicon determines the
insulator field. Wilmsen also indicated that the mechanisms for MIM
and MIS tunneling are quite similar and an asymmetric saturation of
the MIS tunneling was caused by the formation of a depletion layer on
the semiconductor which formed after completely charging the surface

states.

When surface effects are not considered, Wilmsen gave the
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tunneling current expression as

onC. KT 1 C
Jx=Jo —20 —— exp J b (v. - v.)2\ ginn I——l-O—(VA—VG) (7)

. 12 A G 2
Sln(ﬂClOkT) J’ i

.

Where b12 and CiO are smaller for MIS than for MIM,

and VCT accounted empirically for the semiconductor energy gap.

The constants b12 and ClO are functions of the physical parameters cof
the insulator, i.e., dielectric constant, thickness and effective mass.

Of particular importance is the dependence of b and ClO upon L_g and

12

L—l respectively, where L is the thickness of the insulator.

3. Poole Frenkel Effect
Real insulators have large quantities of imperfections.

Each imperfection introduces one or more localized energy states which
can be donor or acceptor type. High concentration of imperfections can
change the conduction phenomena in thin-film insulators. States which
are empty in equilibrium may trap free excess carriers, removing them
from the conduction process. Localized imperfections also can scatter
free charge carriers, thereby reducing their mobility.

By extending the“model used to explain the conductivity of
semiconductors, a model suitable for explaining the conductivity of

20,21.

insulators with traps can be obtained The energy band structure

of one of these models is shown in Figure 3.
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Bottom of Conduction Band

B . . . Fermi Level

Fig. 3 In Insulator Band Model. Et and Ed are energy

levels for traps and donors

By equating the number of electrons missing from donor centers to the
number of occupied traps and assuming the number of electrons in the
conduction band can be neglected, the position of a "Fermi" level can

be located. Let N_ and Nd be traps per cm3 and donors per cm3 respectively.

t
Then,
N e-(Ed - EF)/kT - e-(Ef - Et)/kT
d t
from which,
EF = 1/(Ed + Et) + 1/2 kT 1n Nt/Nd (8)

At zero bias or low voltage the concentration of free electrons is due

to the thermal energy of the insulator. The number of free electrons n,




is given by

n = NC e—EF/kT

)1/2 e—(E + Et)/EKT

I}

Nc (Nd/Nt d

where Nc is the effective density of states in the insulator.
Recall the expression for the conductivity of a material is

o = nqu ohm-cm (10)

Where n is the concentration of free carriers,
W is the mobility of the carrier, and

q is the charge on the carrier

Therefore, the conductivity of the imperfect insulator a low field isQl’22
_ 1/2 ~(E_. + E,)/2kT
o= NC(Nd/Nt) e 7d Tt (11)
and the current density is
I, = aun Vb/L
i 1/2  ~(E_, + E_)/2kT
= qui, (E*) (Nd/Nt) e 'td Tt (12)

where Vb is the bias voltage and

I, is the thickness of the insulator.

17
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At high fields, the field interacts with the trap barrier in

the insulator and lowering it by an amount of

AE = (q3 Vb/m-:OKL)l/2
or
1/2
o= Eo) = 8y (13)
(o]

where E = —%;— is the applied field and

K is the relative dielectric constant.

Referring to figure U4, this field lowering of the barrier is known as the

Poole-Frenkel effect. It results in the conductivity being field-dependent

::::\
S
~
Bottom of Conduction Band
.—-‘-——-—»»T@N‘u‘m‘h“ A ﬁ!
==
R N
Et e
!
v
Fig 4. Mechanism of Poole-Frenkel Effect

since it drastically increases the carrier concentration. The number

of free electrons in the conduction band increases to
1/2)

(B + (B - E
n = Nc (Nd/Nt 1/2 exp 4)— t d BPF (14)
2kT

P
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and the conductivity becomes

0 =0 _ exp (BPFEl/z/EkT)
Bpp, _1/2
=OO exp ("‘2—) E /%T) (15)

The general expression for Schottky emission, (equation (3) of this Chapter)

can be rewritten as

T = exp (B )
where

B, = B/KT

or

o= q exp(BsEl/g/kT) (16)

where
= obL
OLo )

Comparing equations (15) and (16) it can be seen that both the
Schottky and Poole-Frenkel effects give the conductivity a field dependence
of the same form.

The Poole-Frenkel conductivity, however, is of service only when
the conduction process is bulk limited, and the Richardson-Schottky con-

ductivity when it is electrode-limited. Therefore, if Poole-Frenkel emission




dominates, the current characteristics are insensitive to changes in
polarity and the type of metal used as electrodes. If Schottky emission
dominates, a large difference in current magnitude at equal but opposite

fields results when metal with different work functions form the electrode

20

S.

The theoretical values of BS and BPF can be calculated accurately

provided that the high-frequency dielectric constant for the insulator is
known. Thus, one can theoretically differentiate between the two types of
conductivity from their different rates of change of conductivity with
field strength. A plot of 1n ¢ versus El/g/kT results in a straight line
‘of slope BS or BPF‘ This experimentally determined slope can be compared
with the theoretically calculated BS and BPF to help determine which

mechanism is the dominant one.

B. Semigpnductor Surface States and D-C ngrent Saturation

The complete description of the V-I characteristic involves the
interface between a non-crystalline polymer and the single crystal bulk
silicon., The theory must include surface state effects which modify the
bulk theories of conductivity and capacitance and take into account
charge transport not usually treated in the MOS capacitor theory.

The electron behavior in a crystal can best be described in
terms of wave mechanics. The differential equation, whose solutions are
wave~-like functions, is the Schroedinger equation. In a one dimensional
crystal lattice the potential energy of an electron can be approximated
by a periodic array of square wells - the Kronig-Penney model. Because

of termination of the periodicity at the surface of an actual crystal,




Tamm proposed a modified Kronig-Penney model energy diagram as shown in
Figure 523. The Schrodinger equation for an electron moving in such

potential is:

U(x)

i

X
Figure 5 Potential Energy of An Electron within

Periodic Crystal Lattice

8) Schematic representation of actual conditions.

b) BSquare-well approximation employed by Tamm.

2
_g_g_ + g%— Ey =0 0 <x < a
ax A

2
4y +§E(E-V)wso, & <x<a+b;
dxz 2 o

5—% + 2B (E.W)ys 0, x<0,
ax
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Where m and E are the mass and energy of an electron. The solutions of

Schrodinger's equation are of the form

p (x) = U (x)e

where Uk(x) is either a periodic function with the periodicity of the
potential or a constant. The probability of finding an electron in any
unit cell of the crystal has to be equal but the probability of finding
:an electron in a surface state should decrease as x increases., This leads
to the argument that real values of k corresponding to energy states in
the allowed energy bands and complex values of k corresponding to states
in the forbidden band. Tamm was the first to realize that the localized
states at the surface may be described with wavefunctions having complex
values of k, since these types of states decrease exponentially from sur-
face to bulk. These localized states are called Tamm states and are
introduced as the asymmetrical termination of the periodic potential at
the surface.

Contrasted with this, Shockley considered a symmetrical term-
ination as shown in the dashed line of Figure 5. With this model Shockley
showed that the surface states can only exist when the actual lattice
constant is smaller than a cerbtain minimum value. These are so-called
Shockley surface states.

In addition to the Tamm or Shockley states, the impurities
or defects in & real material will also introduce energy states in the
forbidden band. For instance, phosphorus doped N-type silicon will
introduce energy levels about 0.04Y4 ev below the conduction band edge and

on the other hand Boron will introduce levels about 0.048 ev
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above the valence/ band edgeeu. In many cases, the semiconductor surface
is covered with a layer of foreign material, such as an oxide, as either
an accidental or deliberate result of the preparation procedure. States
lying within or on the outer surface of such a layer are also commonly called
surface states, even though they do not originate in the semiconductor
itself25° There is no general mathematic solution for ¢(x) which can be
used on the MPS structure. It is recognized, however, all these classes
of states may act as traps, recambination centers, or both, and thus
-may make the semiconductor surface "metallic" or change many properties
of semiconducting devices. A phenomenologic theory is all that can be
offered at this time. |
The changing of DC conduction mechanisms of MIS devices due

to interface state density is of special interest to this experiment

and study, since it is the principle of the MPS digital transducer.
Wilmsen proposed current saturation of the MPS device in reverse biased
condition due to exhaustion of surface state changes. Wilmsen9 stated
that the silicon surface states cause an N-shift in the surface energy.
The surface states are filled up to the Fermi level. When negative
voltage is applied to the metal field plate, mobile electrons are removed
from the surface states. This continues until the supply of electrons
from the surface states is exhausted. When negative bias voltage is
further increased a surface accunulation or depletion region will be
formed depending upon the type of semiconductor. When positive voltage is

applied to the metal field plate, mobile electrons are "driven" into the




surface states and this will continue until all the surface states are
filled up. Again a surface accunulation or depletion region will be formed
when the bias voltage is further increased. The important point is that
the electric field was assumed to be entirely within the insulator until
the surface states are exhausted. Recent experimental evidence has led
to a relaxation of this requirement.

In a reverse-biased depletion region, for reverse bias
Vr >> kT/q, the concentration of carriers is reduced well below their
equilibrium cbncentration. The rate of generation of electron-hole

pairs in such a situation can be obtained from the equations for electron-

hole pair recombination-generation in the bulk of semiconductor3o’3l by
letting p, n << .. This leads to
i
0% en e N Ni
u=- (E. - E,) © o (18)
[one(Et— Ei)/kij [ope T /kﬂ o

where TO is the effective lifetime within a reverse-biased depletion region

and is given by

- / -
Gn e(Et Ei)'kT + O e(Ei Et)/kT
T = P
° 26 o V.. N
pn th t
Op, n = capture cross-section of holes and electrons
Vth = thermal velocity of carriers
NJC = concentration of bulk recombination-generation
centers per unit volume
Et = energy level of recombination-generation center

E = electron energy at the intrinsic Fermi Level.

2k
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The generation current, which is extremely important in
analysis the I-V characteristics of MPS devices in reverse bias condition
is proportional to the generation rate U. Another factor which affects
the generation current is the depletion layer width. For a P-N junction

this width is expressed as

eKee, o v Ty (19)

W= q N N éP

where ¢T is referred to as the built-in voltage ¢b of

a p-n junction

In the MIS capacitor structure, if a small reverse bias voltage
is applied, a depletion region tends to form. The charge per unit ares
contained in this depletion region is Q = - qN W (assume N-type Si).

If the reverse bias voltage islfurther increased, a very narrow inversion
layer may start to form. In an equilibrium case, that is no D-C current
flow through the capacitor, the width of the depletion layer reaches

a maximum. Thus, under strong inversion conditions the charge per unit

ares induced the semiconductor will be given as

Qg = Q4 - quwmax

where Qin is charge in the inversion layer. An important point is that
a small increase in depletion region width may result in a very large
increase in the charge contained within the inversion layer.
In the MPS devicés, current can flow through the polymer, therefore,

a non-equilibrium situation exists when the device ig reverse biased.
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The depletion layer widbth may never reach a maximum value, but would increase
very slowly when bias voltage is continuously increased.

Wilmsen observed the current saturation of MPS capacitors in
the reverse bilased condition and explained it as field penetration into
the semiconductor when surface states have been exhausted. Therefore, the
surface states act like a "transition switch"; before itsexhausted it
shields the semiconductor surface and makes the semiconductor behave like
a "metal". The current passing through the MPS device will be increasing
exponentially with bilas voltage just like current conducting in MPM devices.
After the surface states have been exhausted, the "metal" behaves like
semiconductor again. Thereafter electric field lines terminate on the
charges in the depletion region., It is now apparent this explanation can
be meodified by inclusion of Qin in the model. The impact of such a model
on the realization of a digital device behavior would be very beneficial
since it would provide a rabtional means to relate physical behavior at

the "break" to parameters which may be controlled.




CHAPTER III

EXPERIMENTAL PROCEDURES

A. Sample Preparation

‘Previous research on MIM or MOS junctions showed that the device
performance and yields were extremely sensitive to surface preparation and
smoothness. For this reason two categories of silicon wafers were used in the
experiment.

1. Commerically available mechanically polished medium resistivity
both P and N type silicon wafer (v~ 10 ohm-cm, from Texas Instruments).

2. Mechanically lapped and chemically polished N type silicon
wafers prepared in the Electronic Materials Research Laboratory of The
University of Texas (v 30 ohm-cm to ~ 250 ohm-cm). The lapping and
polishing process for group two wafers are:

a) The wafer preparation begins with a single crystal silicon
boule cut into 25 mil slices with a diamond wheel.

b) The 25 mil slice is lapped with # 240 alumina grit to remove
the saw damage. The #240 grit is removed by rinsing in deionized water
and by ultra-sonically cleaning in methyl alcohol.

c) Step B is repeated with #L00, #600 and 5 micron grits to
obtain a scratch-free surface prior to chemical polishing.

d) The ultra-sonically clean wafer is etched with CP-k
about TO seconds. During this etching process the wafer should be
agitated all the time in the breaker. The etching is stopped by quickly
adding deionized water to the CP-4 A smooth mirror surface should be

achieved.

27
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Both groups of the wafers should have the identical and strict
cleaning procedures as follows:

a) Clean all glassware and other hardware to be used in the
cleaning process with non-ionic detergent and glass cleaning solution,

b) Scrub the silicon wafer with the non-ionic detergent,

c) Rinse off the detergent with deionized water,

d) place the wafer in a 50 ml beaker and cover with fresh, dry
methyl alcohol,

e) Ultra-sonically agitate for 30 seconds,

f) Pour off the methyl alcohol and cover with trichloroethylene,

g) Boil in the trichloroethylene for one minute,

h) Pour off the trichloroethylene and repeat step g,

i) Pour off the trichloroethylene and flush with deionized

water five times,

“j) Place the wafer in hydrofluoric acid for 30 seconds,

k) Flush with deionized water seven times,

1) cover the wafer with methyl alcohol,

m) steam the wafer with boiling trichloroethylene for 30 seconds

and transfer to the vacuum chamber as quickly as possible.

B, Back Side Contact

Since high resistivity silicon (10 ohm-cm to 250 ohm-cm) is
used in making the MPS device, this will inevitably introduce problems
of preventing rectifying contacts. Three techniques have been adopted %o

insure good ohmic contacts:
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a) silver deposition: Ohmic contact can be made to P-type
material when the effective work function of the semiconductor is less
than the work function of metal. For 10 ohm-cm p type silicon the effective
work function is 4.2 ev and for silver the work function is 4.73 ev. There-
fore, ohmic contact can be insured when the silver is evaporated on the
p type silicon wafer. This silver deposition is usually made before
polymerization takes place.

b) Electroless Nickel Plating: In electroless plating an
electron interchange has to take place between two chemical species. The
electroless nickel plating involves the catalytic reduction of nickel ions
by sodium hypophosphite. The hypophosphite ion gives up electrons and
becomes phosphite ion, and the nickel ion receives the electrons and

deposits as metallic nickel. A typical bath for use on germanium or

silicon may be made as follows:27
grams/liter
Nickel chloride (NiCl2 . 6H20). G 0
Sodium hypophosphite (NaH2P02 y HQO), O K¢
Ammonium citrate [(NHM)ZHC6HSOT]' o e s o s e s s s . . b5
Ammonium chloride (NHuCl) e e e e e e s e e e e . .. 50

Filter
Add ammonium hydroxide (NHuOH) until the solution turns from green to
blue. This is particularly useful on silicon, because soft-solder
connection can be made to 1t at temperature below 200°C. For 10 ohm-cm
N~type silicon, one electroless plating is sufficient for making ohmic
contact, For higher resistivity material, improvement is made by alloying

the nickel into the silicon at temperatures of 800 to 9OOOCc In the
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latter case a second nickel plate is necessary. When this technique is
used, the wafers are usually electroless plated before the cleaning process,
¢) An Indium Gallium paste or a Mercury-Indium-Lead paste
smeared onto the back side of silicon wafer offers another way of making
ohmic contacts. Cleaness of the wafer is the essential factor for success
of this method. Therefore, the paste is applied to the wafer immediately

after the cleaning process,

C. Polymer Formation

The formation method and characteristics of the insulating

thin polymer have been described by Enncs and Christy28’29°

The polymer-
ization process begins when low energy ( =350 ev) electrons break the béhds
between radicals of an organic molecule., In this experiment, the Dow
Corning TOL4 diffusion pump oil used in the vacuum systems served as a
source of the organic molecules. An RCA 902 A cathode-ray-tube with the
face portion of the tube removed is used as the supply of electrons for the
polymerization. The schematic diagram for the cathode ray tube circuit

is shown in figure 10.

A three station set-up and a rotary sample holder as described
by Wilmsen9 are installed in the bell jar of the vacuum system. The sample
holder will first rotate the sample to the station, where the electron
beam of the CRT will hit the film of oil molecules on the surface sample
and the polymerization process will take place. The growth rate of the

polymer is a function of the density of the electron beam, the pressure

in the vacuum system, and the duration of time which the system has been
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Fig. 6 Cathode Ray Tube Circuit

pumped down. For one and a half hours pump-down (the vacuum system
reaches 5 x lO"5 torr and a beam current density of 4 micro—Amp/cme, the
growth rate is about 1.8 Z/minute. By the polymerization station is a
small crucible 1.5 em in diameter fulled with D.C. TOL oil. When heated
up to 60°C for one hoﬁr before polymerization, this crucible would supply

an extra source of pump oil for polymerization and increase the growth

e}
rate to 2.8 A/min.

D. Electroplabte Deposition

After the polymer been formed on the silicon substrate, the sample

was rotated to the first metal deposition position, where three aluminum
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dots of 2.24 mm2 each were vapor deposited on the polymer through a stain-
less steel mask. The filment current was maintained at LO amps for 55 seconds.
The polymer might be damaged by the heat radiated from the tungsten filment
(Mathis No. F4b-3-030a, three strands, 5 coil tungsten filment) for

aluminum evaporation. A brass circular dish of 9 em in diameter and 5 mm in
thickness and with a concentric hole of 1.5 cm in diameter was held between
the heating filment and the sample to serve as a heat shield.

After the aluminum dots had been deposited, the sample was allowed
to stand about 10 minutes for the metal to anneal and order itself, then
rotated to station three for silver evaporation. The process for silver
deposition is similar to the aluminum, except the area of the silver dots
is smaller (.85 mmz) and the heat shielding brass disk is not used. Ten
minutes of annealing and ordering time is again allowed before the sample

is taken out of the vacuum for testing purpose.

E. Sample Testing

After construction the MPS device is completely enclosed in a
special sample holder described by YearganQO to avoid the surrounding
electromagnetic field disturbances during measurements. The schemetic

diagram for the holder is shown as following:

)

Galn Pagte

Ag
Polymer Silicon
Galn Pa

Glass Substance

Fig. T Testing Sample Connection
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The capacitance measurements of the device were made on a General Radio
1615 A capacitance bridge at 1 Kc. The thickness of the polymer were

obtained through the relation,

KEOA

a = 5 (neglecting fringing)

where K = relative dielectric constant,
A = the area of the aluminum filed plate,
C = the capacitance of the MPS device.

A Hewlett-Packard 425 A micromicro-ammeter and a Hewlett-Packard 413 A dc

voltmeter measure the current and voltage respectively.




CHAPTER IV

EXPERIMENTAL RESULTS

For a period of ten months, more than eighty samples have been
made for this research project. In the early stage, Ag-polymer-Si
devices were made. ©Silver electrodes were used because the Ga-In eutectic
"blob" wets it so well during measuring process, good electrical contact
is always ensured. However, a large fraction of samples were shorted out.
A group of samples made with tin, lead and nickel top electrodes were also
shorted. Aluminum electrodes can always give positive results, but the
Ga~In does not tend to wet the aluminum and good electrical contact is
extremely difficult.

Therefore, an additional fabrication process is necessary to
ensure good electrical contact and prevent short circuits A new
evaporation mask was cut and silver dots, smaller in diameter than the
aluminum dots, were laid over the aluminum electrodes. With this config-
uration, aluminum was contiguous to the polymer and assured a high sample
yield while silver was exposed in order to make good contact with the
Galn blob,

In the second period of the experiment successful samples,
with reproduceable I-V characteristic, capacitance reading, and low
dissipation factor, were continuously made in the laboratory. The
thickness of polymer determined by capacitance measurement had been checked
with ellipsometer measurement, it showed less than 10% of disagreement.
Low diésipation factor (in the range of 0.001 to 0.04 at 1 KC) indicates

good ohmic contact to the silicon wafers had been made. Most samples

34
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were made on mechanically polished N-type 10Q-cm silicon, a few were made
on P-type or of higher resistivity (70-113Q-cm) wafers. The thickness
of polymer for those samples were around 150 Z.

No distinguishing saturation was observed for either polarity
however. Two samples made on 80Q cm N-type silicon showed the tendencies
of saturation but the current never leveled off. From these results, two
conclusions have been drawn:

1. Chemically polished silicon wafers may have to be used, since
the mechanically prepared surface might have much higher surface state
density simply because of mechanical damage of the surface during the
lapping and pclishing processes.

2. Thinner polymer is preferred, because it will decrease the
saturation voltage.

Samples were made with chemically polished silicon wafers. A
higher fraction of samples showed the ssturation characteristics
demonstrating a cause-~and-effect relation had been established between
surface preparation and onset of saturation for reverse biased MPS devices.

In thé following sections the charge transport mechanisms in

polymer and curves demonstrating current saturation, are discussed.

A. Conduction Properties of Polymer

The charge transport mechanisms in thin film polymers may best
be observed and understood by making MPM capacitors. The reason is in
MPS devices, the field penetration into the semiconductor and the existance

of surface states in the polymer-semiconductor interface complicate the




problems.
Figure 8 shows a typical behavior of the current with bias of

an MPM capacitor. The 1In J vs V]'/2

is a very straight line, with a
changing slope at higher bilas. The straight line characteristic indicates
that it is Schottky emission or Poole-Frenkel effect. The changing of
slope suggests more than one mechanism: may be involved. Theoretically,

one can differentiate quite readily between Schottky emission and the Poole-

Frenkel effect from their different rates of change of conductivity with

field strength, that is a plot of kT lnc versus El/2 results in a straight
3.1/2
. . - - q . .
line of slope SPF BS, where BPF 2BS l}Ke ] . Dielectric constant

values from 2-4 were measured depending on the formation conditions of

9,11 the theoretical values

23

the polymer. By taking K = 2.8 for the polymer

23

and 3.63 x 10

of B__ and Bs were calculated to be T7.26 x 10~

PF

1
respectively. Simmon52 says the high-frequency dielectric constant of
the insulator should be used. By taking K = n2, where n is the index of
refraction of the polymer, then K = 2.0, since the index of refraction

measured for the polymer by ellipsometer is 1.39. For K = 2.0, the

3

theoretical values for B, and B  are 8.6 x 10_2 and 4.8 x 10723 respectively.

The experimentally determined B for sample #20 shown in Figure 8 is

23 for sharper slope

6.55 x 10_23 for small slope segments and 8.7 x 10
segments. The conclusion is that the dominant conduction mechanism of the
polymer is probably the bulk-limited Poole-Frenkel effect, since the
experimentally determined B is closer to the theoretically calculated

B

PR’ Mecre experimental evidence of a dominant Poole~Frenkel effect is

shown in next section. The interceptions of the straight lines in
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Figure 8 give o = 6.4 X 10—16 and o = 5.8 x 10717 from Eq. 15.

A parallel study on charge transport in thin polymer films
by Chuang32 shows bulk-limited behavior accounts best for dissipation
in the MPM capacitor. The Poole-Frenkel model is generally supported
in these results. Previous tunneling models applied to MPS conduction

19 and Strattonlse

required an arbitrary fit to theories of Simmons It
is believed the evidence for dominant Poole-Frenkel effect is now more

persuasive and will be adopted.

B. Data of MPS Devices

Four groups of current vs bias data of MPS devices are
plotted in Figure 9 through 12. Those curves were plotted with
currents versus voltages in order to bring most information of I-V
characteristics of the MPS devices.

Figure 9 shows the I~V characteristics of two MPS devices
with mechanically polished silicon wafers. It can be seen that the
low resistivity (10 Q-cm), and thicker films (1LO Z) gives a
symmetric I~V curves in the forward and reverse biased conditions.
However, the curves of the device with higher resistivity (70 Q-cm)
and thinner film (80 R) show an asymmetric characteristics. The slope
of the I-V curves in reverse bias gradually decreases, which indicates

the field begins penetrating into the semiconductor.
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The I-V curves of two devices with chemically treated (etched with
cpl) wafers were showed in figure 10. The I-V curves are asymmetric and s
saturation was observed for the device with wafer of higher resistivity
(70Q-cm) and longer etching (120 sec). Figure 11 shows I-V curves of two
adjacent devices (1 mm apart) made on the same wafer. The general shapes
of the I-V plbts are alike, however, the magnitude of currents varies one
to two orders.

The I-V curves of another pair of devices, made on the same
wafer are shown in Figure 12. The magnitude of currents of the two devices
were different. One shows the saturation and the other does not.

From these data several conclusions can be drawn:

1. In forward bias condition: the I-V characteristic of the
MPS devices are always similar. They are independent of the surface
treatment and the resistivity of the silicon wafers being used. Further-

1/2 always yields straight lines. It is believed that

more, the 1nI vs V
the conduction mechanisms governing the MPM devices also govern the MPS
devices in the forward bias condition.

2. In the reverse bias condition: The I~V curves vary from
sample to sample. The curvatures are always in the direction of increasing
dynamic resistance. It is extremely sensitive to surface treatment of
the silicon wafersc

3°> The formation of depletion layers and inversion layers in

the semiconductor surface cause a field-penetration-limited conduction

process. This is discussed in detail in the next section.
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L. There is more than an 0.06 ev difference of work function
between Al and Si (the work function of Al is 4.1 ev and N-type (10Q~cm)

S8i is 3.8 ev). If the dominant mechanism is Schottky emission this should
yield se&eral orders of magnitude of current difference when changing

the polarity of bias voltage on the MPS device. However, every device made,
the reverse bias and forward bias currents show less than one order of
magnitude of difference, especially before the inversion layer takes place.
This is an evidence of a dominant Poole-Frenkel effect.

5. The current saturation in reverse bias voltage direction can
only be seen in devices made on chemically polished and higher resistivity
silicon wafers. However, this is a necessary but apparently not sufficient
condition.

6. Field penetration into the semiconductor can be observed
more easily in devices having thinner polymer films. For devices having
thicker films, this penetration may possibly be observed at higher voltage

or current levels.

C. An Explanation of I-V Characteristic of MPS Devices in Reverse

Bias Condition

Sample #81 was selected for studying the I-V characteristics
of MPS device in reverse-bias condition. The voltage drops across
the semiconductor and the total bias voltage are separated from the data
of forward and reverse current as plotted in Figure 14. This separation
can only be justified if the work function difference between polymer and
semiconductor is not significant enough to affect the magnitude of currents

when changing the polarity of bias voltages. In other words, the mechanism
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of charge transported through the polymer has to be bulk-limited and
independent of electrodes. Otherwise, the existence of contact potential
may cause a rectification at the polymer-semiconductor interface. This
rectifier could certainly distort the information for studying the I-V
characteristics of the MPS devices in the reverse bias condition.,

By examining the I-V-Characteristics of sample #23 in Figure 13
- the justification is obtained. Sample #23 was made on a 10Q cm N-type
silicon and the polymer is much thicker (140 Z) than most other MPS
devices (=80 Z),

The conductivity versus square-root of field in the forward
and reverse biased condition is plotted in figure 13, it can be seen that
the plot is two straight lines and nearly symmetric with respect to zero
bias. The work functions for Al and Silicon (109 cm, N-type) are L.l ev
and 3.8 ev respectively. If it is an electrode limited conduction process,
the conductances should vary by several orders of magnitude when changing
the polarity of bias. This symmetry is strong evidence that the conduction
mechanism is bulk-limited and justifies the assumption that no work function
difference is being seen.

Two "impedances" corresponding to the vcltage drop across the
polymer and semiconductor can be associated with the MPS devices.
However,»bothithe'impedances are non-linear. The impedance of the poljmer
is decreasing rapidly with bias voltage, and on the other hand, the
impedance of the semiconductor will increase with increasing reverse bias.
At low bias, essentially all the applied voltage appears across the

polymer. When the applied voltage increases, the drop across the semi-
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conductor begins to appear, since the reverse higsed semiconductor will
begin to form a depletion region. At some transition voltage, the impedance
of the semiconductor increases to a value.equal to that of polymer. When
this occurs, the applied voltage is shared equally between the polymer and
semiconductor. Thereafter, more of the voltage in excess of this transition
will fall across the semiconductor. The remaining fraction across the
polymer is Jjust sufficient to insure current continuity throughout the
system.

For MPS devices of thicker polymer the transition voltage is
éxpected to be much higher than thé thinner one. Sample #32 shows the
symmetric I-V curves within the bias voltage range of interest (g TVolts)
and the thinner ones already show the onset of asymmetric characteristics.
Bearing these in mind, we can constrpct a set of figures showing the
current-voltage relation in the semiconductor. The voltage drop in the
polymer and the voltage drop across the semiconductor are plotted versus
the total applied voltage in Figure 15 and 16. With these curves in
hand, plus the curve of capacitance versus bias voltage, a further analysis
of the I-V characteristics of MPS devices in the reverse bias condition
can be carried out.

Wilmsen stated that the current through a MPS device in reverse
bias should satﬁrate when the depletion layer in the semiconductor surface
begins to form. This means current saturation happens at or before the
complete formation of the depletion layer. By refering to figure 1land {2
we see it is not true in our case, since the current saturated at a bias
of about 4.8 volts and the depletion layer was completely formed around

1.2 volts.
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Other mechanisms have to be adopted in order to explain the
observed phenomena. As has been mentioned the total applied voltage or
voltage drop across the MPS devices can be separated as voltage drops
across the polymer and/or the semiconductor. By carefully studying
figure 14, it can be seen that the voltage drop across the semiconductor
may be divided into three regions if three approximation lines are drawn,
by using the same pilece-wise linear technique. Three distinguishable
regions of different I-V characteristics can also be obtained in Figure 1hb.
The relationships between a region of one curve to the corresponding
region in another curve will be stated clearly later on.

As figure 16 shows, in region (1) the total bias voltage
begins to drop across the semiconductor. The formation of a depletion
layer in the semiconductor causes the voltage drop. However, the
voltage drop in the polymer (as shown in figure 15) is large as compared
with that across the semiconductor, therefore, the current is dominated
by the field across the polymer. The current increases sharply with
bias voltage as shown in figure 14D and the injected electrons from
the polymer to the depletion region will be quickly swept to the semi-
conductor electrode through the depletion layer.

In region (2), the voltage drop across the semiconductor is
comparable with the voltage drop across the polymer, Due to the higher
voltage drop an inversion layer apparently has begun to form at the
semiconductor surface. This is substantiated by the capacitance vs bias
voltage curve in figure 1 the formation of inversion layer causing

the capacitance to approach a minimum value. Actually, then, there is



a field-induced p-n junction at the semiconductor surface. The voltage
across the polymer is still increasing when the bias voltage increases.
The rate of increaseis slower, however, as can be seen in figure 15 where
the slope of the curve gradually decreases. The result is still a polymer
field dependent I-V curve, but the slope is gradually decreasing toward
zero,

Since there is a field-induced p-n junction at the semiconductor
surface, the injected electrons from the polymer may be combined with the
ionic holes in the inversion layer. The inversion layer is not yet strongly
inverted, therefore, the recombination rate is not high and it can be
said that the mean free path of the injected electrons in this layer is
longer than the width of the inversion layer. Injected electrons may
recombine with holes in this region, but a large number will pass through
to_the neutral N region.

In region (3), the voltage drop across the semiconductor is
continually increasing, its increasing rate is linearly proportional to
the increase of bias voltage as can be seen in Figure 16, At this region,
the inversion layer is strongly inverted, and the charge in this layer is
trefendously increased. The result is that the current passing through
the MPS device is completely limited by the recombination rate in the
inversion layer. Since d-c current flow has to be maintained in the
MPS system, holes from the depletion region have to be supplied to the
inversion layer and an equal number of electrons in the depletion layer
also have to move to the neutral N-type region. Thus, the current is
equally well limited by the recombination-generation processes that take

place in the field-induced Jjunction.
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Recall that in an ordinary reverse biased p-n Jjunction there
are two basic current components; the generation current in the depletion
region of the junction and the diffusion current caused by electron-hole
pair generation in the neutral P and N regions. In the neutral region
there is no significant electric field present and the minority carriers
move only by diffusion.

For the diffusion-current component, only those minority
carriers which are generated within a diffusion length of the edge of
the depletion region will contribute to the diffusion current, because
only those have a chance to reach the edge of the depletion region.

Thus one would expect the diffusion current to be given as

Idiff glnet generation rate per unit volume in the
neutral region] X [diffusion length]. Aj
where Aj = Jjunction cross-sectional area.

Assuming no illumination and p_ << p orn_ <<n_ , where p , n_are
n no D PO n’ ’p
concentration of holés or electron in an n~type or p-type semiconductor,

and p_ , n__ are values of p_, n_ in equilibrium, the diffusion current
no’ "po n’ p

in the N-region can be given as

el

no

Taseeop = 4 } LAl

b
where Tp is lifetime of holes in an N-typé region, Lp is diffusion length.

A similar expression can be given for Idi in p region.

f
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In a reverse-biased depletion region, the rate of generation

of electron-hole pairs can be obtained as3o

where TO is defined as the effective lifetime within a reverse-biased

depletion region and is given by

e(Et—Ei)/kT + o e<Ei‘Et)/kT

2 v

%50 Vin T¢

where 0,90, = capture cross-section area of electron and the
P nole respectively '

Et = energy level of recombination

Ei = an electron energy at the intrinsic Fermi Level
th = thermal velocity of carriers

Nt = concentration of bhulk recombination-generation

centers per unit volume.

One electron-hole pair generated provides one electronic
charge to the external circuit. Thus, the magnitude of current due to

generation within the depletion region will be given by

- . i .
Ten = a|ul wag = 1/2 ¢ = WA
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The important point is that the generation-current component is dependent
on the magnitude of the applied reverse bias. At higher bias W is larger,
more centers are included within the depletion region, and the generation
current increases in proportion to W.

In a reverse-biased P-N junction (assume a step junction),
the total depletion region width W as a function of the total electro-

static, potential variation from one side of the junction to the cther

(¢T), is
2K € N + N /2
S 0 a d
W = a ¢T
NaNd

where ¢T is referred to as the built-in voltage of a p-n Jjunction and

Na and ¥_ are concentrations of acceptor and donor impurities.

d
A particular case of step junctions which is often encountered

in practice is a step junction where one side is more hegvily doped

than the other, for example, Na_ <<Nda This results in a simpler form

for the depletion layer width,

In our non-equilibrium field-induced p-n junction the above
equation still holds, however, the ¢ term has to be replaced by

¢b + ¢S + Va’ where ¢b, ¢S and Va are defined in Figure 18.




56

Inversion Layer

///; ’fpepletion Layer

q¢s- .\_\* \
T
\ v ]
9
AN ;
L4 ¥
AR L] n
\\
\\N(Qh _________ b5

Polymer

N-Type Silicon

Figure 18

Because of the relatively large conductance of the inversion
layer, the entire bias, Va’ appears across the depletion region
between the inversion layer and the bulk.  Thus, Va is actually the VS
as defined in Figure 1UD.

Therefore, the generation current can be expressed as

.
1
w JEKSEO YE

Tgen = /29 T E (6 * 0+ VS)f A)
a

g
it will increase with square root voltage drop across semiconductor.
The increase is very'small, any increase in polymer voltage is

exceedingly small.
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Current in region (3) of the MPS device is limited by the
diffusion and generation currents in the field—indﬁced p-n junction.

The diffusion current component is independent of bias voltage, however,
and the limiting term ig actually the electron-hole pair generation in
the depletion region.

An important point is that the generation current is dependent
upon the width of depletion layer. For higher resistivity semiconductors
the doping density is lower, thus the width 1is larger and a higher
saturation current level should be observed for the MPS devices. On the
other hand, for MPS devices made on lower resistivity semiconductors it
is expected the current would be saturated at lower level. This is
exactly what our experimental data show. Referring to figures 11 and
12, it can be seen the device (#8l) of lower resistivity ( 702 cm)
saturated at a level lower than thé higher resistivity devices (#54 and
55, 1132 cm).

Besides the generation and diffusion currents, leakage and
avalanche effects may exist in the MPS device system. When one or both
of them exists the reverse current may never become saturated, or may
saturate at higher level.

A cross-section area picture for a MPS device of reverse bias

is shown below

Polymer
Pol y
- ---Depletion Layer B s olymer
AL TN >}\ oo o doInversion Layer /;:/’"~\3\\ Ares Defined
[ WA ST Y :
s .
o ) ! ( Ei m as A3
A ‘ \\ - / /
Ag_/ A / Top Electrode
Neutral N = ; ~
Region R

Figure 19 Cross Section of an MPS Device
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The surface states at the interface of the polymer and semicon-
ductor may act as traps or recombination centers. Thus, it may contribute
a surface component of current by releasing carriers from traps. This can

be expressed as

Is =4 UsAs

where AS is the area defined in Fiéure 19, and

Us is the carrier generation rate per unit surfgce ares
~and is a function of surface state density,‘their capture cross section
and thermal velocity of carriers.

Those surface states may serve as a by-pass between the inversion
layer and the N-type neutral region. Thus the MPS device may not saturate
as it should. This also explains why the current through MPS devices
in reverse-biased condition is extremely sensitive to surface preparation.

Within the field-induced junction, defects may be present. Those
defects will lower the breakdown voltage of the field-induced junction, thus
a large excess reverse current will be observed even at relatively low
reverse blases. Current saturation can never be seen in this case. Defects
may be introduced by mechanically lapping and polishing the silicon wafers.
Strong chemical etching may eat away the defects and yield better results.
This serves to explain why adequate chemical etching isvpreferred for

observation of current saturation of MPS devices.




CHAPTER V

CONCLUSION

The electrical conductivity of thin polymer films produced by
electron bombardment of D.C. 704 diffusion pump oil does not appear to
be explained completely by any one of the simple mechanisms theoretically
applicable to thin dielectric films., The observed behavior can be
described satisfactory by Poole-Frenkel emission at room tempersture. Even
then the description is not completely adequate, because the I-V Characteristic
may have two or more asymptotes. A combination of Poole-Frenkel and
Schottky emissions may have to be assumed to justify the slope changes.
For example two types of defects with Poole-Frenkel behavior may adequately
characterize charge transport through the polymer.

The limiting electron-hole palr generation in the depletion
region after the MPS device has been strongly inverted explains the
current saturation of MPS devices in reverse bias condition. This
saturation may not be observed because surface leakage current introduced
by surface states in the polymer-semiconductor interface. The defects
within the field-induced P-N junction may contribute a current component,
thus saturation may also not be observed. These also explain why the MPS
device is extremely sensitive to surface preparation silicon of higher
resistivity and strong chemical etching seems to yield best results.

The purpose of this research project is to build a voltage/

current digital transducer by interconnection several of these saturating

29
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MPS devices. Experimental results showed this is very possible. For
obtaining stable and reproducable results, the silicon may have to be
protected by an oxide layer. Silicon dioxide would be grown on the
silicon surface first, and then window opened by using photo resist
technique. The polymer would then be deposited in the windows to make
the MPS devices. The MPS devices could then serve as the "stepping
stones" to build voltage/current digital transducers and also provides

a way of study the semiconductor surface properties.
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